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Abstract 
Previously reported experimental data have been used for kinetic analysis of the dynamically stable structure formation under implantation 
of 60 keV Au – or Cu – ions into silica glass. The kinetics has been analyzed in the frame of the one-dimensional model of evolution of the 
implant depth distribution, with taking into account the surface recession due to sputtering, as is also, with considering the local implant 
production, drift and diffusion. 
The kinetic analysis has shown that the maximum number of implanted atoms retained in the irradiated substrate (maximum retained 
ion fluence) is independent of detailed ion-range distribution. The maximum retained ion fluence depends on ratios between the following 
quantities: the ion flux, the mean projectile range, the surface recession rate, the implant drift velocity and the implant diffusion coefficient. 
A method has been proposed for evaluation of the surface recession’s role in the saturation kinetics. Estimations conducted for 60 keV Au –
ion implantation of silica glass have shown that the surface recession predominates in the saturation kinetics. 
Surface recession does not dominate for 60 keV Cu – ion implantation of silica glass. Formation of dynamically stable structures during 
60 keV Cu – ion implantation of silica glass cannot be explained if the drift of implants is excluded from considerations. Considerations 
have shown that the drift’s contribution increases with increasing the ion flux. A mechanism of depleted region formation in the dynamically 
stable structures has been demonstrated. According to this mechanism, formation of a depleted region within the implanted layer is caused 
by expelling effect of electric field from the region where the electric field is zero. Necessary drift velocity is provided by Cu + solutes. A 
method utilizing images of the dynamically stable structures has been proposed for evaluation of the implant drift’s role in the saturation 
kinetics. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Metal-nanoparticle composites are widely applicable to
hotonic devices [1–4] . To fabricate metal nanoparticles
mbedded into transparent insulator matrices, the high-flux
eavy-ion implantation is often used [1] . The ion implanta-
ion at ion fluxes up to 10 15 ions/cm 2 s is a powerful tool of
vercoming the thermodynamic and kinetic limitations typi-
al for many methods of fabrication, so that various metal
anoparticles can be quickly implanted into various matrices
5] . Recently, metal nanoparticles fabricated by the heavy-ionE-mail address: plax@mail.ru . 
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xide nanoparticles [6] . 
Optical spectroscopy measurements conducted during ion 
mplantation have helped researchers to find the stages of
anocomposite formation, phase composition of the nanocom-
osites and chemical compositions of the phases [7–13] . In
articular, optical spectra were measured during implantation
f copper ions into silica glass. Spectra of optical absorp-
ion in the range of the surface plasmon resonance of metal
anoparticles provided information on the metal phase, and
pectra of ion-induced luminescence gave information on im-
lanted copper atoms in the solid solution. Fluence depen-
ences of both the optical absorption and the luminescence
ntensity were measured at various ion fluxes, and several
tages of formation of metal-nanoparticle composites were
bserved, namely, metallization, growth of nanoparticles and
aturation. Eventually, the non-equilibrium phase diagrams, cow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Surface recession for silica glass implanted by 60 keV Au – и Cu –
ions at various ion fluxes to a fixed ion fluence of 2 ·10 17 ions/cm 2 . 
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N  with the ion flux and ion fluence taken as coordinates, were
derived from these measurements [10–13] . 
The non-equilibrium phase diagrams consist but not en-
tirely of various regions analogous to those known for equilib-
rium phase diagrams. In particular, these regions are a single
phase region (the region of solid solution of implants) and a
two-phase region (the region of solid solution with embedded
metal nanoparticles), at low and intermediate ion fluences,
respectively. In the single phase region, the implant concen-
tration increases with increasing the ion fluence at a fixed ion
flux. In the two-phase region, the portion of metal phase in-
creases with increasing the ion fluence, but the composition
of the solid solution does not vary. The non-equilibrium phase
diagrams also comprise a region of saturation, which is a new
region that has never been observed for equilibrium diagrams.
In the state of saturation induced by irradiation at a fixed ion
flux, the depth and size distributions of nanoparticles, as is
also, the chemical and phase compositions of nanocomposites
do not vary with increasing the ion fluence. That is, partici-
pating in the mass and energy exchange with the environment,
the nanocomposites eventually reveal their dynamic stability
as the saturation state. As a result, further ion implantation be-
comes inefficient. Very often, bimodal depth and size distribu-
tions of nanoparticles are observed for the dynamically stable
nanostructures. For example, in silica glass, large nanoparti-
cles were observed in the sub-surface layer separated by a
depleted region from small nanoparticles located in the depth
[14] . 
In the paper presented in [10] authors discussed roles
of radiation-induced processes (surface recession, radiation-
stimulated diffusion, atomic collisions, electronic excitation,
etc.) in the saturation, and lacking understanding of the satura-
tion kinetics was pointed out. In particular, the mechanism of
formation of depleted regions in the ion-implanted nanocom-
posites has not been understood. In the present study, kinetics
of the saturation is analyzed more thoroughly, aimed at find-
ing approaches to evaluate contributions of radiation-induced
processes. 
Surface recession 
Heavy-ion implantation results in surface recession due
to sputtering. Data on surface recession for silica glass im-
planted by 60 keV Cu – и Au – ions at various ion fluxes to
a fixed ion fluence of 2 ·10 17 ions/cm 2 are shown in Fig. 1 .
Thicknesses of sputtered layers are of the order of the mean
projectile ranges. These results suggest that the saturation is
caused by the ion-induced surface recession competing with
accumulation of implants [10] . Provided that only these two
contributions are taken into account, the time variation of the
implant concentration profile can be expressed by the follow-
ing equation 
∂N (x, t ) 
∂t 
= G (x) + SF ∂N (x, t ) 
∂x 
, (1)
where N ( x,t ) is a time-dependent local implant number den-
sity, G ( x ) is a local implantation rate (a product of the ionux and the probability distribution of ion ranges), S is a sput-
ering efficiency (sputtered thickness per unit ion fluence), F
s an ion flux. In this paper we assume that the ion flux is
irected from the left to the right (along x axis), and the
mplanted surface is located at x = 0 . Accordingly, the im-
lantation rate integrated over depth is equal to the ion flux
 = 
∫ ∞ 
0 
G (x) dx . (2)
Measurements of depth dependences of the local implanta-
ion rate G(x) is a severe experimental problem. The distribu-
ion of ion ranges and, accordingly, the local implantation rate
an be calculated with the help of TRIM [15] or TRIDYN
16] codes. Let us show, however, that neither measurements
or calculations of G(x) are necessary to evaluate the contri-
ution from the sputtering. 
As the first approximation, it is assumed that both the local
mplantation rate G(x) and the sputtering efficiency S do not
ary with time. Given the initial conditions of N(x,0) = 0 , so-
utions of Eq. (1) can be represented by the following formula
 (x, t ) = 
∫ t 
0 
G (x + SF τ ) dτ . (3)
The time dependence of retained ion fluence (t) can be
erived from Eq. (3) 
(t ) = 
∫ ∞ 
0 
N (x, t ) dx = 
∫ t 
0 
d τ
∫ ∞ 
0 
G (x + SF τ ) d x . (4)
The retained ion fluence is a number of implanted atoms
implants per unit surface) retained in the irradiated substrate,
hat is (t) ≤ Ft . 
The following steady-state concentration profile corre-
ponds to the saturation 
 (x, ∞ ) = 1 
SF 
∫ ∞ 
x 
G (x) dx . (5)
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Fig. 2. Experimental values of ion fluences corresponding to saturation (closed squares) and calculated retained ion fluences (open squares) for silica glass 
implanted by 60 keV Au – (a) и Cu – (b) ions. The solid curves are shown for convenience. 
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i  By using its definition, the mean projectile range can be
xpressed via the steady-state concentration profile 
 p = 
∫ ∞ 
0 
x G (x ) dx 
/∫ ∞ 
0 
G (x) dx = 
∫ ∞ 
0 
d x 
∫ ∞ 
x 
G (x ′ ) d x ′ /F 
= S 
∫ ∞ 
0 
N (x, ∞ ) dx . (6)
We conclude from Eq. (6) that the maximum retained ion
uence does not explicitly depend on G(x) 
(∞ ) = R p /S. (7) 
It is easy to confirm this conclusion for two extreme cases.
n the first case, the ion ranges are the same for all ions 
 (x) = F δ(x − R p ) . (8)
here δ(x) is the Dirac delta function. With the help of Eq.
4) the time evolution of retained ion fluence is obtained 
(t ) = 
{ 
F t , 0 ≤ t ≤ R p /SF 
R p /S , R p /SF ≤ t ≤ ∞ 
(9) 
In the second case, the ion range is a random variable
beying a uniform distribution in the range from 0 to 2R p 
 (x) = F 
2 R p 
θ (2 R p − x) , (10)
here θ (x) is the unit step function. Accordingly, the retained
on fluence obeys the following time dependence 
(t ) = 
{ 
F · (t − SF t 2 / 4 R p ) , 0 ≤ t ≤ 2 R p /SF 
R p /S , 2 R p /SF ≤ t ≤ ∞ . 
(11) 
The saturation time for the first extreme case ( R p /SF ) is
alf of that for the second case ( 2R p /SF ). The saturation time
aries from R p /SF to 2R p /SF for other dependencies of G(x)
efined in the range from 0 to 2R p . The lower limit corre-
ponds to the effective time of saturation 
 s = (∞ ) /F = R p /SF. (12)The formulas given by Eqs. (7) and (12) suggest that the
ominance of surface recession in kinetics of saturation can
e proved (or disproved) by using the non-equilibrium phase
iagrams and the experimental data on surface recession. To
se Eq. (7) or Eq. (12) as a criterion, it is necessary to cal-
ulate the maximum retained ion fluence ( R p /S ) and compare
t to the ion fluence, at which the saturation is observed. Re-
ults of the calculation agree with measurements for 60 keV
u – ion implantation of silica glass ( Fig. 2 a). At low fluxes
he calculated values slightly exceed the experimental data. It
uggests that the surface recession is so fast that effects of
ther processes (considered in the following sections) on the
aturation time are insignificant. 
As to 60 keV Cu – ion implantation of silica glass, the
alculated maximum retained ion fluences are more than
wo times higher than the corresponding experimental values
 Fig. 2 b). The discrepancy stems from the slow surface
ecession. More precisely, the total surface recession for
he time period equal to the observed saturation time is too
mall. Time variations of sputtering efficiency cannot provide
ecessary enhancement of the total effect, and, therefore, we
an conclude that there is no necessity of considering fluence
ependences of the sputtering efficiency. We can also con-
lude that the effects induced in the implanted layer are to be
onsidered as a possible cause of the observed fast saturation.
on range shortening 
It was assumed in the previous section that the local im-
lantation rate G(x) did not significantly vary with time. This
ssumption can be considered as true for ion fluences lower
han 10 15 ions/cm 2 . However, with further increasing the ion
uence, the chemical composition and structure of the im-
lanted layer change so much that it results in variation of the
ean projectile range. For example, during Cu – ion implanta-
ion of silica glass, the mean projectile range decreases with
ncreasing the ion fluence. TRIM calculations show that R p is
226 О. А. Plaksin / Nuclear Energy and Technology 2 (2016) 223–230 
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c  equal to 51 nm for unirradiated silica glass, but it is equal to
19 nm for a uniform copper layer. In the implanted nanocom-
posites, the metal phase always consisted of isolated copper
nanoparticles, and no continuous copper layer was observed.
Accordingly, the mean projectile range should decrease from
its initial value of 51 nm, but it can never reach 19 nm. 
The mean projectile range corresponding to the observed
saturation time can be calculated from Eq. (12) . We calculated
R p for 60 keV Cu – ion implantation of silica glass. Calcula-
tions showed that R p should not exceed 22, 19 and 18 nm at
the end of irradiation for the ion current density of 10, 30 and
50 μA/cm 2 , respectively. We can conclude that the short sat-
uration time cannot be explained by the ion range shortening,
even if a continuous copper layer was formed. 
Radiation-stimulated diffusion 
As shown in the previous sections, the idea of the compe-
tition between the surface recession and the accumulation of
implants is not sufficient to explain the short saturation time
observed for Cu – ion implanted silica glass. In this section
the effect of radiation-stimulated diffusion on the saturation
kinetics is discussed. To take into account both the diffusion
and the sputtering, a diffusion term is added to the right-hand
side of Eq. (1) 
∂N (x, t ) 
∂t 
= G (x) + SF ∂N (x, t ) 
∂x 
+ D ∂ 
2 N (x, t ) 
∂ x 2 
, (13)
with D , a diffusion coefficient. 
In accordance with Eq. (13) , the mass transport from the
implanted layer to the depth of the substrate extends the sat-
uration time by the time period of the order of D/ (SF ) 2 . For
example, the steady-state concentration profile can be repre-
sented by the following expression 
N (x, ∞ ) = 1 
D 
∫ ∞ 
x 
e −SF x/D dx 
∫ x 
0 
e SF x 
′ /D G (x ′ ) dx ′ , (14)
where the local implantation rate G(x) , the efficiency of sput-
tering S and the diffusion coefficient D are independent of
time. Integration of the expression of Eq. (14) over the coor-
dinate, in the same way as that shown in Eq. (4) , gives the
following formula for the effective time of saturation 
 s = (∞ ) /F = R p /S F + D/ (S F ) 2 . (15)
We note again that the result does not explicitly depend
on G(x) . 
Next, we assume that the diffusion is confined to the
implanted region, with the purpose to find out whether
the diffusion can result in shortening the saturation time.
Provided that the diffusion is sufficiently fast ( D SFR p ), the
implant distribution in the range from 0 to 2R p is uniform
every moment of time. Accordingly, the time variation of the
retained ion fluence is expressed by the formula d(t ) 
dt 
= F − (t ) 
2 R p 
SF. (16)
Integration of Eq. (16) shows that even in this case the
iffusion extends the saturation time 
 s = 2 R p /SF. (17)
rift of implants 
Unlike the diffusion, the implant drift toward the surface
an result in shortening the saturation time. The drift can be
aused by the chemical potential gradients induced by me-
hanical stresses, electric fields, temperature gradients and so
n. Effects of the electric filed induced in the implanted layer
re considered in this section. 
Ion implantation of an optical insulator substrate is accom-
anied by electronic excitations, in particular, by electron–
ole pair production in the implanted substrate layer, and
ives rise to a positive space charge. The space charge builds
p due to (a) the difference in mobility of the free elec-
rons and holes generated in the implanted layer and (b) the
econdary electron emission from the irradiated surface. The
pace charge induces the electric field that forces the free
harge carriers to move in the bulk of the insulator substrate.
ecause of the high mobility of free electrons in silica glass
21 cm 2 /V s [17] ), the space charge density and the induced
lectric field vary much faster than the implant concentration.
s a result, the implants redistribute under conditions of local
ynamic equilibrium between the production and the drift of
harge carriers. In terms of the charge production rate G q (x)
nd the current density J(x) this equilibrium is expressed
s 
 q (x) + J (x) 
∂x 
= 0. (18)
As reported in the papers presented in [7,18] on 60 keV
u – ion implantation of silica glass the dynamic equilibrium
akes place at fluences higher than 10 14 ions/cm 2 . 
Copper ion implantation generates Cu + solutes in silica
lass via ionization of copper neutrals (both the neutral copper
olutes and the copper atoms of nanoparticles), and these Cu + 
olutes participate in electric charge transport [7] . Fraction of
opper neutrals ( p ) transited to Cu + solute state depends on
he dynamic equilibrium between Cu + solute production and
ecombination of the solutes with electrons. The electric field
nduced by the space charge gives rise to Cu + solute drift
ith the current density 
 C u + (x, t ) = eμE pN (x, t ) , (19)
here the ion mobility μ, the electric field E and atomic frac-
ion p depend on coordinates and time. This current density
ivided by the elementary charge e is equal to the Cu + solute
ux. 
To take the sputtering, the drift and the diffusion into ac-
ount simultaneously, a gradient term of Cu + solute flux is
О. А. Plaksin / Nuclear Energy and Technology 2 (2016) 223–230 227 
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Fig. 3. Fluence dependencies of the ratio I/ F 2 t for by 60 keV Cu – ion im- 
planted silica glass. Numbers near the curves correspond to the ion current 
density ( μA/cm 2 ). 
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t  dded to the right-hand side of Eq. (13) 
∂N (x, t ) 
∂t 
= G (x) + SF ∂N (x, t ) 
∂x 
− ∂μE pN (x, t ) 
∂x 
+ D ∂ 
2 N (x, t ) 
∂ x 2 
. (20) 
Corresponding steady-state concentration profile, under the
ondition of the slow diffusion ( D << (SF − μE p) R p ), is
iven by the following formula 
 (x, ∞ ) = 1 
SF − μE p 
∫ ∞ 
x 
G (x) dx . (21)
Eq. (21) becomes incorrect if the difference SF − μE p
ends to zero. In this case the local copper concentration in-
nitely increases, and, therefore, the diffusion cannot be ne-
lected in Eq. (20) . This is the diffusion that prevents an
nfinite increase of copper concentration. The lifetime of so-
utes in a spatial domain where SF − μE p = 0 is of the order
f R 2 p /D. 
In this section, the Eq. (21) is used for estimations. For
implicity, the product μEp is taken constant. This assump-
ion corresponds to a uniform (independent of the depth) elec-
ric field, a uniform mobility of Cu + solutes and a uniform
ortion p of Cu + solutes in the local number of implants.
ccordingly, the effective saturation time is equal to 
 s = (∞ ) /F = R p / (SF − μE p) . (22)
This formula shows that the drift may cause the saturation
ime to shorten, provided that the electric field is directed
oward the surface ( E < 0 ). 
Let us estimate the Cu + solute concentration that is nec-
ssary for a significant effect of the drift on the saturation
ime. As reported in the paper presented in [19] , the space
harge induces the electric field of the order of 10 3 V/cm
n the implanted layer. Use of the Einstein equation and
he data presented in the paper [20] on the diffusion co-
fficient ( ∼10 −11 cm 2 /s) for Cu + solutes in silica glass at
50 °C enables us to estimate the solute mobility ( ∼10 −10 
m 2 /V ·s). Corresponding drift velocity μE takes a value of
bout 10 −7 cm/s. At an ion flux of the order of 10 14 ions/cm 2 s,
he sputtering rate SF is about 10 −9 cm/s. The same order of
agnitude is obtained for the product μEp with p = 10 −2 . We
an conclude that the portion p of the order 10 −2 is sufficient
or Cu + solutes to affect the saturation time. 
Experimental data on Cu + solute concentration in the
mplanted layer was obtained in the measurements of ion-
nduced luminescence during 60 keV Cu – ion implantation of
ilica glass [7] . In the paper presented in [7] , fluence depen-
encies of the efficiency of Cu + solute luminescence (fluence
ependencies of the ratio I /F , where I is the intensity of lumi-
escence) were presented. It was pointed out that the fluence
ependencies measured for various current densities from 5
o 75 μA/cm 2 were the same up to the fluence of 2 10 16 
ons/cm 2 . This observation suggests that the fluence depen-
encies of total number of Cu + solutes in the implanted layer
ere the same for various ion fluxes. Authors of the paper
7] speculated that the dependencies were the same while themplanted layer was a solid solution of copper in silica glass.
his observation also confirms the anticipated proportional-
ty between the mean number density and the luminescence
fficiency for Cu + solutes. Moreover, the ratio of the mean
umber density of Cu + solutes to the total implant number
ensity, that is, the fraction p , can be estimated, by using
roportionality of this fraction to the ratio of I / F (t) . Note
hat the retained fluence (t) is approximately equal to F t for
  t s . That is, at low fluences, the fraction p is proportional
o the ratio of the luminescence efficiency of Cu + solutes and
he ion fluence ( I / F 2 t). 
The coefficient of proportionality between the fraction p
nd the ratio I / F 2 t cannot be calculated because the lumi-
escence efficiency was measured in arbitrary units. Instead,
 scale of arbitrary unit was chosen so as to equate I / F 2 t
ith p . Necessary calibration was carried out for low ion flu-
nces. It was pointed out in the paper presented in [7] that
he luminescence efficiency was almost proportional to the
on fluence ( F t) under irradiation at a constant ion flux (from
 to 75 μA/cm 2 ) up to a fluence of 1 10 16 ions/cm 2 . This
esult suggests that the fraction p is independent of both the
on fluence and the ion flux for a single phase of solid so-
ution. Because the implanted layer holds the positive space
harge, the implants at low fluences are primarily Cu + states,
nd p ≈ 1. Accordingly, the ratio I / F 2 t can be calibrated at
ow ion fluences, and then the fluence dependences of p can
e estimated for higher fluences. As soon as (t) ≤ Ft , the
ormalized ratio I / F 2 t corresponds to the lower limit of p . 
Fluence dependences of the normalized ratio I / F 2 t are
hown in Fig. 3 . A slightly decreasing ratio I / F 2 t is observed
or the ion fluence increasing up to 1 10 16 ions/cm 2 ( Fig. 3 ),
hich is explained by the outward mass transport ( (t) ≤
t ). Subsequent formation of copper clusters (up to a fluence
f 2 10 16 ions/cm 2 ) and metal copper nanoparticles (at higher
uences) causes the luminescence efficiency to decrease more
ignificantly [7] . At ion fluences higher than 2 10 16 ions/cm 2 ,
he dynamic equilibrium between the solid solution and metal
228 О. А. Plaksin / Nuclear Energy and Technology 2 (2016) 223–230 
Fig. 4. TEM images of silica glass implanted by 60 keV Cu – ions to an ion fluence of 1 ·10 17 ions/cm 2 [14] . Ion current density ( μA/cm 2 ): a – 30, b – 100. 
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  nanoparticles reveals its sensitivity to the ion flux. The sensi-
tivity manifests itself as different fluence dependencies of the
luminescence efficiency for various ion fluxes. 
As shown in Fig. 3 the ratio I / F 2 t varies from 1 to 10 −3 .
The lower limit of the ratio is higher for higher ion fluxes. At
75 μA/cm 2 the ratio I / F 2 t exceeds the value of 10 −2 almost
for the entire range of fluences shown in Fig. 3 . These data
suggest that the Cu + solute drift affects the saturation time. 
Although the direction of the electric field varies, no field
variation was taken into account in the previous considera-
tion. In particular, the secondary electron emission induces
the electric field directed toward the surface. In deeper re-
gions, however, the difference in mobility between the free
electrons and holes gives rise to the electric field directed to-
ward the depth [19] . Different directions of the electric field
suggest that the field becomes zero somewhere, at a coordi-
nate that will be denoted by x 1 . In this case, the field attracts
negative charge carriers to the region centered at x 1 and expels
positive charge carriers from this region. 
As soon as the local copper concentration depends on the
drift of Cu + solutes, the expelling effect of electric field can
result in formation of a depleted region. In particular, the im-
ages of dynamically stable structures shown in Fig. 4 suggest
that the implants are expelled from the depleted region due
to the electric field that switches to the opposite direction. 
For further consideration, the electric field within the im-
planted layer is approximated by linear depth dependence 
E (x) = (x − x 1 ) ρ/ ε 0 , (23)
where 0 ≤ x ≤ 2 R p , ρ is an electric charge density, μ0 is the
electric constant. The electric field changes its direction at
x 1 . For x < x 1 , the electric field is directed toward the surface
( E(x) < 0 ). In accordance to Eq. (22) , a negative electric field
assists in shortening the saturation time, but a positive field
favors the slowdown. Therefore, a possibility of shortening
the saturation time is to be confirmed for the linear depth
dependence of electric field. 
With the purpose of deriving the saturation time, the elec-
tric field from Eq. (23) is substituted into the kinetic equation
Eq. (20) . The uniform distribution presented by Eq. (10) is
taken for the local implantation rate. It is also assumed that
the drift and diffusion of implants are confined within the im-lanted layer ( 0 ≤ x ≤ 2 R p ). The corresponding steady-state
oncentration profile has a minimum at x min 
 (x, ∞ ) = F τ
2 R p 
+ b 
√ 
2πτ/D·e (x−x min ) 2 / 2Dτ
·er f ( | x − x min | / 
√ 
2Dτ ) , (24)
here τ = 1 /μ(ρ/ ε 0 ) p; D , μ and p are invariable within
he implanted layer. The first term in the right-hand side of
his formula corresponds to the minimum implant concentra-
ion N ( x min , ∞ ) . Position of the minimum ( x min ) in respect to
he zero ( x 1 ) of the implant concentration depends on the ratio
f sputtering to drift rates 
 min / x 1 = 1 − SF /μE (0) p. (25)
As soon as E(0) < 0 , the minimum shifts to a deeper
egion ( x min > x 1 ). 
The integration constant b in Eq. (24) is determined by the
oundary conditions 
 = (SF − μE (0) p) · N (0, ∞ ) . (26)
The condition of fast diffusion ( √ Dτ  2 R p ) is used as
n approximation for further estimations. In the frame of this
pproximation, the ratio of copper concentrations at the sur-
ace and in the middle of the depleted region can be found
 (0, ∞ ) /N ( x min , ∞ ) = 2 R p / x min , (27)
nd the following formula for the saturation time can be de-
ived 
 s = (∞ ) /F = ( x min / R p ) · (1 + (2 R p / x min − 1) 2 / 2) 
·R p / (SF − μE (0) p) . (28)
Necessary data for Eqs. (25) –( 28 ) were taken from mea-
urements of surface recession ( Fig. 1 ), non-equilibrium phase
iagrams ( Fig. 2 b) and images of the dynamically stable struc-
ures ( Fig. 4 ). In particular, position of x min was referred to
he center of the depleted region. As shown in Fig. 4 , the
epleted regions are centered at around 40 nm, and the calcu-
ated value of 51 nm can be taken for R p . Provided that the
atio of x min and R p is equal to 40/51, an approximate formula
an be derived from Eq. (28) 
(∞ ) /F ≈ 1 . 7 · R p / (SF − μE (0) p) . (29)
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Table 1 
Calculated characteristics of the steady-state implant concentration profile for 60 keV Cu – ion implanted silica glass. 
Ion current 
density, μA/cm 2 
| μE (0) p | /SF x min / x 1 Implant atomic 
fraction at x min 
Implant atomic 
fraction at x = 0 
10 2,9 1,34 0,17 0,41 
30 3,6 1,28 0,12 0,29 
50 3,9 1,26 0,08 0,19 
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 It can be shown by comparing Eq. (29) to Eq. (12) that
he drift of Cu + solutes shortens the saturation time as soon
s | μE (0) p | /SF > 0. 7 . 
Results of calculations obtained with the help of Eqs.
25) –( 28 ) are presented in Table 1 . The calculated values of
 μE (0) p | /SF suggests that this is the implant drift that causes
he saturation time to shorten. Table 1 shows that the drift
ominates at the surface, and its contribution increases with
ncreasing the ion flux. As soon as the irradiation stimulates
iffusion and drift, enhancement of drift’s contribution can
e explained by the radiation-induced enhancement of the im-
lant mobility. Calculations also predict that the drift vanishes
n the vicinity of the depleted region’s center ( x 1 =30–32 nm).
ote that the implant drift can be caused by gradients of a
eld, which nature is different from the electric field. Even
hough the gradient’s nature may be different, the conclusions
ased the calculation results presented in Table 1 are correct.
onclusion 
In this paper, previously reported experimental data have
een used for kinetic analysis of the dynamically stable struc-
ure formation under implantation of 60 keV Au – or Cu – ions
nto silica glass. The kinetics has been analyzed in the frame
f the one-dimensional model of evolution of the implant
epth distribution, with taking into account the surface reces-
ion due to sputtering, as is also, with considering the local
mplant production, drift and diffusion. The following results
ave been obtained: 
1. The kinetic analysis has shown that the maximum num-
ber of implanted atoms retained in the irradiated sub-
strate (maximum retained ion fluence) is independent of
detailed ion-range distribution. The maximum retained 
ion fluence depends on ratios between the following
quantities: the ion flux, the mean projectile range, the
surface recession rate, the implant drift velocity and the
implant diffusion coefficient. 
2. A method has been proposed for evaluation of the sur-
face recession’s role in the saturation kinetics. In this
method, the maximum retained ion fluence is calculated
from experimental data on surface recession, and then
the calculated result is compared to the ion fluence cor-
responding to the observed saturation. 
3. Estimations conducted for 60 keV Au – ion implantation
of silica glass have shown that the surface recession pre-
dominates in the saturation kinetics. Surface recessiondoes not dominate for 60 keV Cu – ion implantation of
silica glass. 
4. Formation of dynamically stable structures during 
60 keV Cu – ion implantation of silica glass cannot be
explained if the drift of implants is excluded from con-
siderations. Considerations have shown that the drift’s
contribution increases with increasing the ion flux. A
mechanism of depleted region formation in the dynam-
ically stable structures has been demonstrated. Accord-
ing to this mechanism, formation of a depleted region
within the implanted layer is caused by expelling effect
of electric field from the region where the electric field
is zero. Necessary drift velocity is provided by Cu + 
solutes. 
5. A method utilizing images of the dynamically stable
structures has been proposed for evaluation of the im-
plant drift’s role in the saturation kinetics. 
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